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It is shown that the behavior of the parallel critical field for superconducting multilayers with two
superconducting components is crucially determined by the outer layers. If the outer layers sustain
surface superconductivity not only the three-dimensional (3D) behavior at (ow temperatures and high
fields, but, more importantly, the crossover temperature from 2D to 3D behavior is changed. This
phenomenon falls outside the Takahashi-Tachiki theory for such multilayers, but a qualitative explana-
tion is given. Also, if no surface superconductivity occurs, the critical field in the 2D region is due to
the outer layers and is different from that of the inside layers.
I. INTRODUCTION
When both sublayers in a metallic multilayer are super-
conductors, the interplay of different critical temperatures
and different coherence lengths can lead to quite anoma-
lous behavior of the critical field 8,2~~ parallel to. the lay-
ers. A vivid example of this was given by Takahashi and
Tachiki. ' They predicted transitions in B,2(I(T) with de-
creasing temperature, from average three-dimensional
(3D), to two-diinensional (2D), to "single layer" 3D be-
havior when both sublayers have the same T, but very
different values for their diffusion constants, or coherence
lengths. Here, 3D or 2D behavior means that 8,2(I is pro-
portional to (1 —T/T, ) or (1 —T/T, )'~2. The prediction
was borne out by experiments on multilayers of Nb/NbTi
(Ref. 3) and Nb/NbZr. In such systems, T, of both
sublayers is about 10 K, but the value of dB,z&/dT (or the
diffusion constant) typically differs by a factor 10.
Although qualitatively all experiments show the same
behavior, they differ in some important details. Especially
from the data on Nb/NbZr inultilayers it was shown in
Ref. 5 that the temperature T20 30, where the transition
from 2D to 3D behavior takes place, can be found from
the siinple relation (,„(T2030) =A/2. Here, g, „ is the
average (and temperature dependent) coherence length of
the multilayer as can be determined from the linear field
dependence of B,i& near T„and A is the multilayer pe-
riodicity. Some such scaling appears reasonable since the
transition should occur when the order parameter starts to
nucleate in the NbZr, rather than in the Nb layer, and
this cannot happen before the averaged coherence length
becomes a fraction of the multilayer wavelength. Analyz-
ing the data of Refs. 3 and 4, however, indicates a transi-
tion around g,„=A/4, meaning that those (equivalent)
multilayers show a 2D-3D transition at a considerably
lower temperature.
At this point it should be remarked that there is one im-
portant difference between the multilayers of Ref. 5 and
the multilayers of Refs. 3 and 4: the outer layers in the
first case consisted of NbZr, in the last case they were Nb.
If the outer layers are NbZr, surface superconductivity
can be expected both in the 3D "averaged" region near T,
and in the 3D "NbZr" region at high fields. This leads to
a larger slope (maximally a factor 1.7) in both regions,
but it is not obvious that it would lead to a (very) different
Tip-30. From a theoretical point of view it should be not-
ed that surface superconductivity is not taken into account
in the Takahashi-Tachiki theory and possible conse-
quences have therefore not been calculated.
The difference in B,2(I for different outer layers touch
upon a broader question: which is the archetypal multi-
layer described by the theory? It can be anticipated that
having only Nb outer layers in order to suppress surface
superconductivity will not be enough. If in the 2D regime
the Nb layers may be described as decoupled supercon-
ducting layers, it seems reasonable that the transition to
superconductivity in that regime is due to the layer which
produces the highest critical field. We will show below
that for a variety of reasons these layers are precisely the
outer layers.
The aim of this paper is to investigate in detail the role
of the surface layers in the critical field behavior for both
NbZr and Nb top and bottom layers. It will then become
clear what kind of multilayer should be used for a relevant
comparison with the theory. To this end we prepared a set
of multilayers of Nb/NbZr with equal periodicities, but
with outer layers of either Nb or NbZr in a range of
thicknesses. Results and discussion are given below.
II. EXPERIMENTAL RESULTS
The multilayers were prepared by magnetron sputtering
in a UHV system with a base pressure of 10 mbar in an
Ar pressure of 5 x 10 mbar. Separate Nb and Zr
sources were used and the multilayers were prepared by
shuttering the Zr source. Sapphire substrates were used
which were kept near room temperature during deposition
in order to minimize the possible effects of interdiffusion.
Sputtering rates were continuously measured with a
quartz (oscillating crystal) thickness monitor, which was
calibrated by Rutherford backscattering (RBS) measure-
ments on single films of Nb and NbZr. The rates varied
less than 5% for the preparation of a sample and from
sample to sample, which is sufficient for the rather thick
layers used in our investigations. The composition of the
NbZr layers was checked by electron microprobe and
found to be 55-at. % Nb and 45-at. % Zr, without appre-
ciable variation over the length of the film and in agree-
ment with RBS results. RBS could also confirm the inul-
tilayer character of samples prepared in this way, al-
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though a precise thickness determination of individual
layers was hindered by the interfering intensities of the al-
most equal masses of Nb and Zr. Moreover, the multilay-
er structure was confirmed by x-ray measurements on
samples with wavelength of about 80 A (smaller than
used below) which showed clear satellites around the main
Bragg peak. For the transport measurements, a four-
point geometry was (wet) etched into the samples having
a strip 0.15 mm wide and a length of 5 mm between the
voltage contacts. Critical fields were measured by sweep-
ing the field while keeping the temperature constant, and
were defined by 50% of the resistive transition.
In order to investigate the effects of different outer lay-
ers, multilayers were used consisting of 1 5 single layers.
The inside layers consisted of 240-A Nb alternating with
165-A NbZr; this choice of thicknesses, especially for Nb,
is optimal for following T20 3D. The two outer layers were
always of the same type and equally thick. Their thick-
ness was varied from equal to the corresponding inner lay-
er thickness to 4, —,' and 4 of that value. For brevity, we
call these samples Nbl, Nb —,' etc. , for Nb outer layers
and NZ1, NZ —,' etc., for NbZr outer layers. One multi-
layer was prepared with outer layers of 1200-A Nb (5
times the inner layers); it is called Nb5. The results are
collected in Fig. 1 for samples with NbZr outer layers,
and in Fig. 2 for samples with Nb outer layers. Sample
Nb5 is shown in both figures. For several samples the
data points are replaced by a line through the points in or-
der to avoid confusion. Temperatures are scaled on T, 's;
for all samples T,'s were about 10.4 K and varied less
than 0.2 K.
Figure I shows conspicuous differences, especially be-
tween NZ1 and Nbl or Nb5. Near T„the difference in
slopes (0.65 T/K for NZl and 0.4 T/K for Nbl, Nb5) is
not very surprising. For NZ 1 the value is larger by a fac-
tor 1.7 with respect to the slope in perpendicular field
while for Nbl, Nb5 the value is the same as in perpendic-
ular field. Surface superconductivity therefore appears to
be present in this regime if the outer layers are NbZr,
which can be expected. The 2D region is very similar for
the three samples, but the transition temperature T2D 3Q
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FIG. 2. B,2[((T/T, ) for multilayers with Nb outer layers.
Lines through points have been drawn for three samples for in-
creased clarity. Solid arrows denote T2o-3o/T„dotted arrows
show kinks in the 2D region (see text). The inset shows Nb —,'
(solid line) and the sample with a —, Nb buried layer (points).
is reached at a much higher temperature for NZ1. Also
the asymptotic slope at high fields is different, 1.7 T/K for
NZ1 compared to 1 T/K for Nbl, Nb5. These observa-
tions clearly answer one question raised in the introduc-
tion: a drastic change in behavior is witnessed upon
changing the outer layers. Figure 1 also shows how
T2p 3o (shown with arrows) changes when the thickness
of the NbZr outer layers decreases. For NZ —,' T2Q 30
has decreased halfway to the Nb5 value; for NZ —,' the
Nb5 value is essentially reached, while the asymptotic re-
gion now is also the same as for Nb5. Note that in the 2D
region the curves coincide for all samples up to each
T2D-3D-
This is not the case when the thickness of the Nb outer
layers is changed, as shown in Fig. 2. The critical field in
the 2D region increases with decreasing layer thickness
and this also affects T2D 3Q. The transition is still clearly
visible for Nb 4, while for Nb 2 it becomes a small effect;
for Nb —,' no transition is present in the measured field
range. Also, we find small kinks in the 2D region, marked
with dotted arrows in Fig. 2.
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FIG. 1. B,2i(T/T, ) for multilayers with NbZr outer layers
and for Nb5. Lines through points have been drawn for two
samples for increased clarity. Arrows denote T2o.3o/T, .
III. DISCUSSION AND CONCLUSIONS
The above results show that, when going from a multi-
layer with NbZr on the outside to a multilayer with Nb on
the outside, the most significant change takes place in the
temperature T2D 3D which is the crossover from 2D to 3D
behavior. T2D 30 appears to be determined by the final
state of the system at low temperatures and is fundamen-
tally higher when surface superconductivity occurs. Be-
fore we can discuss this phenomenon it is necessary to
reiterate, briefly the physical reasons for the occurrence
of two dimensional crossovers in these multilayer systems
and to parametrize the above behavior. At the first (3D-
2D) crossover the superconducting order parameter starts
to nucleate in the Nb layers preferentially. Since the
coherence length of the Nb layers is larger than that of
the enclosing NbZr layers the order parameter is more or
less confined and the layer behaves like a thin film with a
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critical temperature T, 2I3 and enhanced critical field
Bc2I v 12 (1 —T/Te2D) ' '.0 12& detr eff 0
This is the standard formula for the behavior of thin films,
where d,p and g,p(0) are the effective thickness and
coherence length of the Nb layer. These diff'er slightly
from the bare Nb values [d,a larger, g,a(0) smaller] be-
cause of proximity coupling to the NbZr. If the order
parameter were to nucleate in the NbZr layers, it would
not be confined, but would be spread out and this would
just result in a continuation of the 3D regime. At the
second (2D-3D) crossover, g„.„(T)has decreased so much
that nucleation in the NbZr layers leads to the bulk criti-
cal field of NbZr, without much averaging over other lay-
ers involved. T2D 3Q is therefore the temperature at which
averaged behavior changes to bulk NbZr behavior, and it
seems reasonable that this should occur when g,. „(T203Q)
becomes a fraction f of the multilayer periodicity A. In
the case of NZI we estimate g„(T2030) =202 A at
T20-30/T, =0.79, using the slope of B,2& near T, (0.4
T/K). This leads to f 0.5. In Ref. 5 we used the slope of
8,2I for estimating fractions f, but this is not quite correct
since surface superconductivity occurs in the 3D region.
Recalculating those results, we find fractions f=0.5 for
all samples. For sample Nb5 we find a slope of 0.4 T/K,
T20-30/T, 0.50, g„(T2I33I3) 1 I 7 A, and f=0.29. This
is in agreement with what we inferred from the data on
Nb/NbTi of Ref. 3 and it remains to explain these
different values for f. The Takahashi-Tachiki theory'
cannot help since it does not allow for surface supercon-
ductivity, but we may use the following analogy.
Consider the well-known problem of the parallel nu-
cleation field in a slab of thickness d and coherence length((T). Following Saint-James, Thomas, and Sarma, this
field is found for any thickness by solving the linearized
Ginzburg-Landau (GL) equation, which we write as
A(V/i —2+A/Pp) y —2ma/6 y y/g(T), (2)
where A is the vector potential, pp is the flux quantum,
and a is the linear coefficient in the GL equation. With
the surface of the sample in the y, z plane at x —d/2
and the field in the z direction, the gauge of the magnetic
vector potential is chosen as A» Hx, A„=A,=0, and a
solution is tried of the form
depends on xp (or tp), which can be thought of as the nu-
cleation point for a superconducting sheet.
The value tp should be optimized for the lowest a for a
given value of d. If the sample is thick, the bulk solution
is found for tp, xp far from the sample surface and corre-
sponds to a= —,' . The lowest eigenvalue, however, can be
obtained for tp=1.09 and has a value e 0.293, which
leads to H/H, 2~ =1.7, the enhancement factor for the
surface superconducting critical field. If the sample is
thin, the lowest a is always found by choosing t o =0 (in
the middle of the slab). The dependence of e on d/((T) is
given in Fig. 3 for two cases. In the first case (solid line),
to is optimized for every thickness. A sharp crossover in
functional dependence occurs at d, 1.84((T), which
signifies the crossover from thin-film behavior to surface
superconductivity. The second case (dotted line) is when
surface superconductivity is suppressed, for instance by
cladding the film with a normal metal. This can be mim-
icked by fixing t p at 0, giving the crossover from thin-film
behavior to bulk superconductivity. As shown in Fig. 3,
this crossover is less sharp and occurs around d, /g(T)
3-4, or at a rather larger thickness than the crossover to
surface superconductivity.
We now assert that the following analogy can be made.
Both thin-film behavior (g»d) and averaged behavior in
the multilayer (g.,„»A)is characterized by an order pa-
rameter which is constant over the film and for the multi-
layer is at least spread out over more layers. For a thin
film, crossover to surface superconductivity is around
d, =2(. For a multilayer, crossover to surface supercon-
ductivity is around A 2g,, (or g,. „/A=0.5), where A is
the wavelength of the outer bilayer because that is where
the surface superconductivity will nucleate. This has been
found repeatedly. Crossover to bulk superconductivity,
however, will be around A=3-4(,„,or g,„/A 0.3-0.25,
as is found for Nb5. An interesting point is that at the
crossover the coherence length is changing from the larger(.,„ to the smaller gNbz„which may accelerate the cross-
ing. For smaller thicknesses of the outer NbZr it is still
the outer bilayer which determines the crossover. For
NZ —,' there is surface superconductivity and the data
yield f=0.45 when A is taken as 365 A, the thickness of
0.6
y-exp(ikz)g(x) .
This reduces Eq. (2) to
d'g/dx'+ (2ttH)/yp(x —xp) 'g =g/&(T) ',
(3)
(4)
0.5—
0.4—
0.3—
d g/dt +1/4(t —tp) g eg. (5)
Here, a is defined as e pp/4xHg(t), or equivalently as
a H, 2&/2H, which gives the relation between the eigen-
value a and the corresponding critical field H. The field H
where we used xp pp/(2trH)k.
Equation (4) now has to be solved with boundary condi-
tions dg/dx 0 at x -—d/2, d/2. A transformation of
coordinates t (4'/pp)' x brings Eq. (4) in the well-
known form of a dimensionless eigenvalue equation:
0.2
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0.0 I I I
0.0 j..o 3.0 4.0 6.0
d/S
FIG. 3. Eigenvalues a as function of d/g from Eq. (5) for the
cases when to is optimized (solid line) or fixed to 0 (dotted line).
The region for crossover from thin film to bulk behavior is indi-
cated, and a schematic picture of the order parameter in dif-
ferent regions is given.
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the outer bilayer. For NZ 2 and NZ 4 the data are very
similar to Nb5, indicating that the thin NbZr layer does
not sustain surface superconductivity. The crossover,
therefore, is to nucleation in the inner NbZr layers for
which the full multilayer A is decisive. This yields g/A
=0.32 for both samples NZ 2 and NZ 4 .
The situation with varying outer Nb thickness is
simpler. The data show unequivocally that the critical
field in the 2D region is determined by the thickness of the
outer layers only. Following Eq. (1) this results in a
steady increase of the field in this region with decreasing
thickness. T2p 3p occurs at the crossing with the underly-
ing multilayer behavior (the curved asymptotic regime).
This is most strikingly seen in the data for Nb 4 and
Nb 2 . the former is already in the asymptotic multilayer
regime, while T2p 3p for the latter occurs exactly where
the data coincide. No simple rule can therefore be given
for T2p 3p in this situation.
These experiments show that for not only NbZr but
also for Nb outer layers care has to be taken when com-
paring with theory. First, if the top layer is not protected,
it may oxidize and thereby become eA'ectively thinner; as
our experiments show, this will enhance the critical field
in the 2D region. There may even be a diff'erence between
the top and bottom layer, which we think is the explana-
tion for the observed kinks. Especially for sample Nb 1
(Fig. 2) it appears that below t =0.75 the field is deter-
mined by a layer of sinaller thickness and a slightly lower
T,2n, due to a disordered or oxidized Nb layer. Obvious-
ly, this problem is more stringent for thinner layers. The
second reason is more intrinsic. It was shown in Ref. 5
that the thickness of the layer causing 2D behavior was
the thickness of the Nb layer plus a fraction of the
(proximity-coupled) NbZr on each side. The outer layers,
with only NbZr on one side, are therefore effectively
thinner than the inner layers. Again this causes a higher
critical field while also a smaller "dressing" should be
found for multilayers with Nb on the outside. An illustra-
tion of these points is given by measurements on a special
sample which has one thin layer Nb buried inside the mul-
tilayer: it consists of three double-layers Nb/NbZr, one
—,
'
-layer Nb, and three double-layers NbZr/Nb. The data
are shown in the inset of Fig. 2, together with the data on
Nb 4 . The measurements are almost the same, but the
buried layer shows a slightly higher T,2n (better proximi-
ty coupling with NbZr) and a slightly lower B,2t at low
temperatures (the inner layer is effectively thicker). Of
course, it should not be a surprise anymore that the one
buried layer, and not the rest of the multilayer, completely
determines the critical field in the 2D region. Generally
speaking, this also contains a warning against the (sym-
inetry) argument that a multilayer should be terminated
with layers of half the inner thickness.
As a final remark, our experiments show that in resis-
tive measurements on the above class of multilayers often
only the superconducting transition of parts of the multi-
layer is observed. This implies that below B,2 a kind of
phase diagram exists, which can actually be probed by
measuring the critical current below 8,2. The result of
these measurements will be reported elsewhere.
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